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The  ﬁrst  lineage  segregation  event  in mouse  embryos  produces  two  separate  cell  populations:  inner  cell
mass and  trophectoderm.  This  is  understood  to be brought  about  by cells  sensing  their  position  within  the
embryo  and  differentiating  accordingly.  The  cellular  and molecular  underpinnings  of  this  process  remain
under investigation  and have variously  been  considered  to  be completely  stochastic  or  alternately,  subject
to  some  predisposition  set  up  at fertilisation  or before.  Here,  we  consider  these  views in  light  of  recent
publications,  discuss  the possible  role of cell  geometry  and  mechanical  forces  in  this process  and  describeeywords:
reimplantation mouse embryos
ell lineage
ippo pathway
ell geometry
echanical forces
omputational modelling
how  modelling  could  contribute  in  addressing  this  issue.
©  2015  The  Authors.  Published  by Elsevier  Ltd. This  is an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).ontents
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. Introduction: environmental inﬂuences and
tochasticity in lineage segregation
The ﬁrst lineage segregation event during mouse embryogen-
sis is the formation of the pluripotent inner cell mass (ICM) and
rophectoderm (TE) at a stage when the embryo is composed of
pproximately 32 cells. The TE arises from cells on the outside of
he embryo while the ICM arises from those inside cells enclosed
cavity expands. The molecular genetic basis for the differentiation
of these early cell types has been extensively studied and several
excellent reviews of the ﬁeld exist [1–3].
However, in the past few years there have been exciting ﬁndings
that have started to reveal the mechanisms by which blastomeres
can incorporate information about their physical environment into
the ‘internal’ genetic imperatives that drive their differentiation. In
this perspective piece, we  look at the potential role of geometryy the TE. Subsequent to this, the ICM further differentiates into the
luripotent epiblast and overlying primitive endoderm. Concomi-
antly, the blastocyst undergoes morphogenetic changes, as the
∗ Corresponding author.
E-mail address: shankar.srinivas@dpag.ox.ac.uk (S. Srinivas).
ttp://dx.doi.org/10.1016/j.semcdb.2015.09.006
084-9521/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article uand mechanics on cell fate determination in the early embryo. We
use geometry to refer to the relative positions of cells within the
embryo particularly with respect to each other and mechanics to
refer to the forces on cells, irrespective of position. We  discuss ideas
relating to how the actin cytoskeleton, apical polarity complex pro-
teins and the YAP transcriptional regulator provide mechanisms by
which blastomeres can incorporate cues arising from geometry or
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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heir mechanical environment into the decision making process
etermining their fate. We  consider ways in which computational
pproaches can help us understand how these varied inputs can act
ogether to give consistent lineage allocation outcomes.
The role of environmental inﬂuences on lineage segregation
s closely linked to the question of whether some sort of lin-
age information is present in the embryo as early as at the time
f fertilisation – whether the course of development is in some
ay already determined in the way, for example, axial informa-
ion is pre-determined in the Drosophila embryo or, as an extreme
xample, cell fate is determined in Caenorhabditis elegans [4–6]. In
hese organisms, lineage segregation is in a sense ‘hardwired’ into
he zygote at fertilisation by the localisation of speciﬁc molecular
eterminants and there is little need (and possibly room) for envi-
onmental inﬂuences on the course of development. Given that the
ighly regulative nature of mouse development is beyond debate,
n the murine context such pre-determination is described rather
n terms of a predisposition, in the unperturbed state, of speciﬁc
ells to particular fates [7].
The opposing view is that lineage determination is a stochas-
ic process [8,9]. Since this term is subject to interpretation, we
ote that we use stochastic to mean that the outcome of a partic-
lar process cannot be predicted with certainty given the starting
onditions, though one can ascribe a probability to particular out-
omes. In this view environmental input such as the position of a
lastomere or the forces it is subject to could play a signiﬁcant role
n lineage determination. They could act as a source of stochasticity,
or example through the ‘chance’ position of a blastomere affecting
ts fate. Equally, they could act conversely as a regulatory buffer
gainst underlying sources of stochasticity such as transcriptional
oise.
Geometry as a regulatory buffer sounds abstract, but is made
oncrete by a simple example. If you break a strand of dry spaghetti
y holding the two ends and bending, it infamously typically
reaks in two places along its length [10] giving three pieces
hich can be thought of as two ‘outside’ pieces and one ‘inside’
iece. Despite considerable stochasticity in the precise places the
paghetti breaks, in cell-fate terms the output appears determinis-
ic (one inside and two outside pieces every time) because of the
tarting geometry.
In practice, the modes of embryonic development in differ-
nt species fall on a spectrum. At one end lies predetermined
evelopment, where an embryonic template is laid down at or
hortly after fertilisation and every healthy embryo produces the
ame lineage tree. At the other end lies highly stochastic develop-
ent where, at early stages, there is no template and cells behave
ndependently, leading different embryos to produce completely
ifferent lineage trees. Stochastic development requires regulation
o that the differing lineage trees produce consistent embryos.
ammalian embryos are certainly not completely predetermined,
ut there is uncertainty about where along this spectrum they
ie. Advocates of “predisposition” suggest that cell fates are biased
y inherited characteristics such as the sperm entry point, lead-
ng to a template that results in somewhat homogenous lineage
rees [11]. Advocates of stochasticity typically emphasise the role
f external perturbations and chance variations in cell positions,
ivision angles, etc. in driving divergences between lineage trees
9]. However, the two positions are neither polar opposites nor
rreconcilable, rather the question is one of degree: what ele-
ents of stochasticity and predisposition explain the observed
ariation between mammalian embryos? In this context, com-
utational modelling can make an important contribution to
nderstanding the possible inﬂuence of geometry and mechanics
n lineage segregation and the extent to which decisions made in
he early embryo are stochastic, whether constrained by geometry
r not.mental Biology 47–48 (2015) 74–79 75
2. Modelling stochasticity in early embryonic development
At its best theory does not just describe, it uniﬁes, explains
and predicts. By this yardstick quantitative modelling of mam-
malian embryos is itself embryonic, not yet even describing how
and when early cell fates are speciﬁed (or even a clear sense
of what fate speciﬁcation means) let alone elucidating unifying
design principles or providing insights into developmental trade-
offs. The difﬁculty has several origins, including that mammalian
embryos appear to sit uncomfortably somewhere between deter-
minism and stochasticity, and that they have rather too many cells
to elegantly model each individually but too few to model as a
continuum.
However, we  see several avenues for progress. Firstly, we  take
inspiration from recent advances in the stochastic modelling of
stem-cell maintained tissue [12–15]. The key to much of this suc-
cess has been modelling stem-cell division and fate choices as
independent random processes, a surprisingly simple assumption
which allows the modelling to be done in the language of random-
branching processes. In maintenance problems this leads to nice
mathematical results because maintenance is quasi-static, so the
branching processes are “critical”. These results are surely lacking
in embryos, where cell number grows exponentially, but we expect
similar stochastic modelling of cell division and fate choices will
nonetheless be useful [16].
The need for stochastic models is illustrated by our previous
work [17]. At the 32 cell stage, mouse embryos reliably pro-
duce 11–12 ICM cells and 20–21 trophectoderm cells, but we saw
substantial variation in the lineage trees that give rise to these
consistent results. For example, we  saw embryos where all 16-cell-
stage blastomeres gave rise to daughters with matching fates, and
examples where ﬁve 16-cell-stage blastomeres had one ICM daugh-
ter and one trophectoderm daughter. These consistent results from
varying pathways are indicative of the balance between stochastic-
ity and regulation that a successful model must capture. Our data
sets were not large enough to meaningfully test stochastic models.
For this reason, we look forward to full linage trees for much larger
numbers of embryos in the future.
A good place to start is likely to be with cell division angles at
the 8- to 16-cell transition. In our recent work we showed that
the division angle chosen by cells at this point is not isotropically
distributed, but biased towards asymmetric divisions. A simple
stochastic model, inspired by the aforementioned stem cell main-
tenance, is that each cell “draws” a division angle from this biased
distribution independently. This independence is, with a large
enough data set, a statistically testable prediction, as it demands
that the levels of variation within an embryo and between embryos
must be consistent. If true, this isolates a signiﬁcant source of
stochasticity and we should next investigate how it is regulated,
asking to what extent is the resultant inter-embryo variation still
present before the next division round. If it is not true, we learn that
cell choices of division angle are coordinated, indicating the 8-cell
embryo is to some extent patterned.
Going beyond the 8- to 16-cell division, we run into the added
difﬁculty of geometry which can, in fact, provide a degree of reg-
ulation. A random-branching stochastic model of cell fate choice
would yield a non-zero chance of all cells ending up on the inside
or on the outside, both of which are clearly geometrically impos-
sible. A very pertinent question is whether geometry can provide
enough regulation on its own  to explain early term embryo lineage
trees. A good framework to start testing this idea in would be a
stochastic analogue of the traditional inside-outside model [18] in
which cells divide stochastically and independently and the posi-
tion of the resultant daughter cells determines their ultimate fate.
In such a model geometry will indeed provide a degree of regu-
lation, making the ﬁnal numbers of ICM and trophectoderm cells
76 J.S. Biggins et al. / Seminars in Cell & Develo
Fig. 1. Movement and fate of cells in the morula. (A) Between the 8- and 16-cell
stages, blastomeres can move inside or outside. Red arrows indicate cell movement
towards the inside of the embryo and black arrows indicate cell movement towards
outside of the embryo. (B) During this stage, the daughter cells show a spectrum of
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ess variable than a “well-mixed” geometry free stochastic model
Fig. 1).
. The Hippo pathway – how cells sense geometry
Until relatively recently it was unclear how a blastomere could
sense’ its position in the embryo. Recent studies have brought a
efreshing new view on how TE and ICM are generated, revealing
hat the Hippo pathway and its effectors YAP and TAZ (YAP/TAZ)
re central to this process [19–21] and provide a mechanism for
ot only sensing but also responding to the position of blastomeres
ithin the embryo.
The Hippo pathway is a signalling cascade whose core com-
onents are broadly conserved from ﬂies to mammals and acts
n many different cellular contexts [22,23]. It results in the phos-
horylation of the transcription cofactors YAP/TAZ by Lats kinases.
hosphorylated YAP/TAZ are either retained in the cytoplasm
hrough their interaction with 14-3-3 or degraded via proteasome-
argeted degradation. In the dephosphorylated state, YAP/TAZ can
nter the nucleus and act as co-factors for a variety of transcrip-
ion factors in the nucleus such as TEAD4, thereby inﬂuencing their
ctivity [24].pmental Biology 47–48 (2015) 74–79
The Hippo pathway plays a major role in the early mouse
embryo, as recently reviewed in detail [25,26]. Brieﬂy, a combi-
nation of cell adhesion and apical–basolateral polarity converts
positional information into cell fate decisions by differentially reg-
ulating the Hippo pathway. In inside cells, cell–cell contacts turn
the Hippo pathway on, leading to the phosphorylation and inac-
tivation of YAP/TAZ. As a result, YAP/TAZ are unable to enter the
nucleus to interact with TEAD4, which remains inactive as it does
not have a transactivation domain. This allows pluripotency mark-
ers to ﬂourish and establish ICM fate [21].
Apical–basolateral polarity is required for the formation of the
TE and inhibition of key polarity components such as Par3 and aPKC
in blastomeres causes them to favour contributing to the ICM [27].
Experiments inactivating the aPKC/Par6 polarity complex in outer
cells demonstrate that apical–basolateral polarity is required to
inhibit the Hippo pathway by segregating AMOT, dephosphorylated
at serine 176, to the apical membrane. When AMOT is localised to
the apical membrane, it is unable to interact with NF2 at cell–cell
junctions, preventing Hippo activation [19,28]. This results in the
relocalisation of YAP/TAZ to the nucleus, and the TEAD4-dependent
transcription of TE speciﬁc genes such as Cdx2 [19]. Recent ﬁnd-
ings suggest that Notch signalling also plays an important role in
directly promoting the transcription of Cdx2 in outside cells in col-
laboration with YAP/TEAD4 [29]. This implies that, in addition to
apical–basolateral polarity, other mechanisms are in place to deﬁne
cell position and determine cell fate within the preimplantation
embryo (Fig. 2). However, it remains unclear how Notch signalling
is activated in TE cells and future studies will establish the role of
ICM cells for instance in this mechanism.
These data show that YAP/TAZ nuclear localisation (and there-
fore Cdx2 expression and TE formation) is dependent on proper
establishment of apical–basolateral polarity. As only outside cells
are polarised and have such a complex, this provides a way by
which a blastomere can ‘sense’ its position in the embryo, based
on the existence (or not) of an apical polarity complex within the
cell.
4. Actin as an integrator of mechanical cues inﬂuencing
lineage segregation and morphogenesis
In addition to geometry, embryos are also constrained by
physics. It is possible that outside cells experience a different range
of forces than the inside cells they are stretched over. Although
the establishment of apical–basolateral polarity in outside blas-
tomeres is now accepted to be a crucial step in regulating YAP/TAZ
in the context of the ﬁrst cell fate decision, it remains relatively
unexplored whether mechanical cues also participate in their reg-
ulation. The establishment of polarity is accompanied by changes
in the organisation of the actin cytoskeleton which may, as a con-
sequence, relay information on cell shape and mechanical forces
applied by the microenvironment. Interestingly, mechanical sig-
nals exerted by cell shape and extra-cellular matrix stiffness can
be sensed by YAP and TAZ via the actin cytoskeleton in the context
of in vitro cell cultures [30–32], therefore raising the question of
whether YAP/TAZ may  also play a role in mechanotransduction in
the preimplantation embryo (Fig. 2).
In recent years, great strides have been made in understanding
how actin dynamics and architecture can inﬂuence the hippo path-
way in vitro in cell culture and in vivo, mainly using Drosophila as
a model system (reviewed in [33]). However, it remains unclear
which subcellular actin structures are directly involved in the
mechanosensory properties of YAP/TAZ. This question is relevant
in the context of preimplantation embryo development as differ-
ent actin structures are progressively established. Most notably,
at compaction when blastomeres establish an apicobasal polarity
axis, actin is recruited apically following the phosphorylation of
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Fig. 2. Position-dependent regulation of cell fate in the preimplantation embryo: known and hypothetical mechanisms. Regulation of the Hippo pathway is central to the
ﬁrst  cell fate decision. In inside cells, a junctional complex comprised of NF2 and AMOT phosphorylated at S176 activates the Hippo pathway. This leads in turn to the
phosphorylation of YAP and TAZ and their exclusion from nuclei, rendering them transcriptionally inactive. In outside cells, apicobasal polarity leads to the sequestration of
AMOT  dephosphorylated at S176 to the apical domain, resulting in the inactivation of the Hippo pathway. Unphosphorylated YAP is therefore able to go to the nucleus where
it  can bind to TEAD4 to activate CDX2 transcription and drive TE fate. Other factors, such as mechanical forces, GPCR and PCP signalling may act as cell shape and position
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nknown mechanism, contributes to the transcription of Cdx2 to establish TE fate. T
utlined in purple and cell–cell junctions are delineated in blue.
zrin by aPKC [34]. Considering the physical nature of compaction
nd the importance of the forces generated by the actomyosin cor-
ex during this process [35,36], together with the notable increase
n nuclear YAP from the 2- to 8-cell stage [21], it will be important
o establish whether a link exists between cortical tensions and the
ippo pathway in this context. For now, it remains unclear how
hese F-actin-containing rings or cap structures at the apical mem-
rane may  be involved in mechanosensing and, instead, they may
elp deﬁne whether daughter cells should adopt a symmetric or
symmetric fate [37].
Other F-actin interacting structures may  be involved in
echanosensing during preimplantation development. For
nstance, F-actin is highly associated with tight junctions via ZO-1
38]. During preimplantation development, the formation of tight
unctions is a multi-step process which starts at the 8-cell stage
nd continues until the blastocyst stage in outside cells only [39].
oreover, it has been shown that ZO-1 is involved in morula
o blastocyst transformation [40]. Tight junction maturation
herefore coincides with the establishment of the TE lineage and
lastocoel cavity formation, suggesting that F-actin structures
resent at TJ may  be involved in sensing local tensions to inﬂuence
hese processes. This is supported by ﬁndings directly linking
ight junction associated proteins such as ZO-1 and ZO-2 to the
egulation of YAP and TAZ [41,42].
Furthermore, underlining the complexity of YAP/TAZ regulation,
 number of upstream signalling pathways, such as GPCR signalling
ave been shown to affect their activity [24,43–45]. It is conceiv-
ble that the actin cytoskeleton acts as the main mediator of these
ignals (Fig. 2). Recent studies have further highlighted this level
f complexity, by unravelling the YAP/TAZ protein interaction net-
ork in cell lines using interaction proteomics [46–48]. Applying
his type of approach to the preimplantation embryo may  prove
o be challenging, mainly due to the scarcity of material obtained
rom a single preimplantation embryo. However, as technological
fforts are made to reduce the number of cells required for these
ypes of approaches, it may  become possible for instance to estab-
ish the protein interaction network of YAP/TAZ in outside versus
nside cells or identify speciﬁc transcription programs activated
y YAP/TAZ in outside cells which would ultimately lead to the
dentiﬁcation of new TE speciﬁc markers.on of the actin cytoskeleton. Notch signalling, activated in outside cells only via an
t junctions. Actin ﬁlaments are represented in red. The apical domain of TE cells is
Beyond mechanosensing, mechanical forces also directly dis-
tort and sculpt cells, and can thus drive the formation of complex
morphologies directly rather than simply being sensed and trigger-
ing internal developmental pathways. Recently several examples of
mechanical forces and elasticity (rather than any underlying chem-
ical or biological patterning) driving the emergence of complex
shapes during morphogenesis have come to light [49–53]. In each of
these cases, the morphogenesis is underpinned by a physical insta-
bility that spontaneously generates a radical and complex shape
change.
Early mouse embryos undergo a radical shape change when they
undergo blastulation. We  suggest that blastulation is also under-
pinned by a physical instability, namely solid-cavitation: a small
pressurised cavity in a solid medium will at a critical pressure (2.5
times greater than the shear modulus) inﬂate to a macroscopic
size [54,55]. In the embryo context, the pressure is surely osmotic
pressure generated by ion pumps [56], but it is unclear whether
the resistive forces are elastic, viscous or surface tension or indeed
important at all. A few previous studies have shown that the blas-
tocoel ﬂuid has an excess ionic concentration of around 5 mM [57],
enough to generate 12 kPa of pressure, and hence cavitate a solid
with a shear modulus of 5 kPa, eerily close to the estimated elastic
modulus of mammalian embryos [58]. To test this, accurate mea-
surements of the osmotic pressure [57,59], elastic modulus [58,60]
and surface tension [61] will need to be taken, to verify its plausibil-
ity. Ultimately a destructive experiment is required: the cavity must
be pierced, to investigate whether equalising the pressures causes
it to elastically deﬂate. If correct, this model might imply that the
large shape changes of cells during blastulation are mechanically
driven, and cause specialisation rather than being caused by it. Sec-
ondly, it would imply that the position of the cavity is determined
simply by the location of the ﬁrst micro-cavity to achieve cavitation
pressure, not by pre-pattering of the morula.
Testing the importance of mechanosensing and the speciﬁc
magnitude of forces in the preimplantation embryo is not triv-
ial and the tools are not readily available. However, FRET (Förster
resonance energy transfer) based approaches have been applied
successfully in vitro, in cell culture experiments [62–64]. These
methods allow the measurement of forces across speciﬁc proteins
with extreme sensitivity at subcellular level. In the case of vinculin
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or instance, a tension sensor module was inserted between its head
nd tail domains which interact with talin at focal adhesions and the
ctin cytoskeleton respectively. This tension sensor module is com-
osed of an elastic domain inserted between two ﬂuorophores that
ndergo efﬁcient FRET. Under tension, the distance between the
wo ﬂuorophore increases, therefore affecting the efﬁciency of FRET
63]. It may  be possible to use similar approaches in the embryo
o measure the forces experienced by actin for instance, ideally
sing genetically modiﬁed mouse lines and in vitro development
f embryos.
. Integrative approaches to early embryonic development
Simple cellular-resolution vector representation of developing
lastocysts can be a powerful way to capture basic quantitative
nformation about changing physical characteristics of component
lastomeres such as surface area, volume and orientation of divi-
ion [17,65]. Such models also provide a useful scaffold on which
o build other relevant data about the developing embryo. With
dvances in live imaging techniques, the time-lapse recordings that
orm the basis for these vector models can be captured at higher
esolution (both temporal and spatial) as well as over increased
urations, to cover development from fertilisation to implantation
tages. Combining the FRET reporters of force described above or
eporters of the actin cytoskeleton such as LifeAct [66] one can
otentially start to map  forces experienced by cells and the state
f the cytoskeletal architecture onto the vector representations of
heir development. With rapid advances in single-cell sequencing
echnologies [67,68], one could also envisage sequencing the indi-
idual cells of such imaged embryos, to capture information about
heir transcriptional and epigenetic states and integrate this into
he context of their recorded cellular history. We,  however, need to
evelop powerful new modelling approaches to build these diverse
ata types into meaningful theoretical models that can provide
nsights into normal development.
Bringing together stochasticity, geometry, physics and chemical
egulation in a single analytic model is probably beyond hopeless,
ut doing so on a computer is surely not. Indeed, the few cells in
arly embryos make them a promising candidate for cell-by-cell
imulations [69–71] in which each cell is described both by its
hape and position in space and by internal state variables. Such
imulations necessarily include geometric effects, and there is no
eason they should not include full and realistic mechanical effects,
uch as adhesion, osmotic pressure and elastic forces in addition to
nformation about molecular interactions, offering a natural testing
round for the interplay between regulation and stochasticity that
elps give rise to the early embryo.
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